The Compton profile of the Ba doped silicon clathrate ͑Ba 8 Si 46 ͒ has been studied using the high-resolution Compton scattering technique. The Compton profile is sensitive to the change of wave functions, and the good agreement between experiment and theory validates a theoretical prediction. A difference Compton profile between the Ba doped and nondoped clathrates ͑Si 136 ͒ has been experimentally obtained and compared with that of a first-principles band structure calculation. The experiment and calculation show excellent agreement with respect to the overall shape in the profile. Analyses of partial density of the states ͑DOS͒ predict that, by doping Ba atoms into the Si cages, Ba 6s electrons are transferred into Ba 5d orbitals that are strongly hybridized with Si 3p orbitals. The hybridized states form a sharp peak of the DOS in close vicinity of the Fermi level, which plays an important role for the occurrence of superconductivity in Ba 8 Si 46 .
I. INTRODUCTION
Barium-doped type-I silicon clathrates have attracted considerable attention since the discovery of superconductivity in Na 2 Ba 6 Si 46 . 1, 2 Although the transition temperature, T c , is about 4 K, the silicon clathrates have been intensively studied in connection with the electron-doped C 60 compounds with a value of T c higher than 30 K. 3 Later, the binary compound Ba 8−␦ Si 46 with T c = 8 K has been synthesized under a high pressure and high temperature condition. 4 Recently, it has been reported that superconductivity is expected at T c higher than 10 K at the stoichiometric composition Ba 8 Si 46 . 5 In parallel with the efforts for synthesizing higher quality samples, the mechanism of superconductivity has been investigated. A phonon-mediated Bardeen-Cooper-Schrieffer ͑BCS͒ scenario has been proposed in connection with the superconductivity in doped fullerenes. 6 In the BCS mechanism, T c depends on two terms: one is the density of states ͑DOS͒ at the Fermi level ͑E F ͒ and the other is the electronphonon coupling factor. The type-I silicon clathrate has a Si-sp 3 covalent bonding network, which is composed of fullerene-like Si 20 dodecahedral and Si 24 tetrakaidecahedral cages. 7, 8 The high rigidity of the network causes a high Debye temperature, which favors the occurrence of superconductivity in terms of the electron-phonon coupling. Recent experiments [9] [10] [11] have pointed out the importance of the vibrational coupling between the guest atoms and the host Si-sp 3 network. In addition, the observation of Si isotope effects 12 and the analyses of the pressure dependence of T c ͑Ref. 13͒ provide pieces of evidence that the BCS mechanism accounts for superconductivity in Ba 8 Si 46 . Regarding the electronic structure, first-principles calculations 14, 15 have predicted high DOS at E F in Na 2 Ba 6 Si 46 and Ba 8 Si 46 . The high DOS at E F is caused by the strong hybridization of Ba 5d orbitals with Si 46 conduction bands and is presumably essential to play another key role for the occurrence of superconductivity in the Ba-doped silicon clathrates. On the experimental side, however, there have been only a few photoemission studies 16, 17 to investigate the electronic structure, and thus the validity of the calculations is still inconclusive in connection with the predicted high DOS at E F .
The aim of this study is to investigate the electronic structure of Ba 8 Si 46 in terms of electron momentum density. In this paper, we report experimental and theoretical Compton profiles in Ba 8 Si 46 and its related compounds. The Compton profiles have been measured by the high-resolution Compton scattering technique, and the theoretical ones have been computed from the wave functions obtained by first-principles band-structure calculations.
The Compton profile, J͑p z ͒, is defined as a onedimensional projection of the ground-state electron momentum density, n͑p͒, 18, 19 J͑p z ͒ = ͵͵ n͑p͒dp x dp y ,
͑1͒
where p x , p y , and p z are the Cartesian momentum components, and the z axis is parallel to the scattering vector. In an independent-particle model, the momentum density is given by
where i ͑r͒ is an electron wave function. 20 The summation in Eq. ͑2͒ extends over all the occupied states. The area under the Compton profile gives the total number of electrons N,
The Compton profile is sensitive to the change of wave functions, and its measurements provide a testing ground for theoretical wave functions. 18, 21 The good agreement between experiment and theory validates the quality of discussions on the electronic structure based on the theoretical predictions. Unlike conventional photoemission spectroscopy, Compton scattering is very bulk sensitive, and unlike the de Haasvan Alphen and angular correlation of positron annihilation radiation measurements it is insensitive to defects and impurities in a sample. These notable features provide complementary information on the electronic structure of Ba 8 Si 46 .
II. EXPERIMENT
A sample of Ba 8−␦ Si 46 was synthesized by a high pressure technique. 4 Samples prepared by the same procedure show superconductivity below T c = 8 K, and thus the present sample might have Ba deficiency of ␦ Ϸ 0.5. 5 In order to obtain the difference profile between Ba 8 Si 46 and Si 46 , a reference sample Si 46 should be used. However, Si 46 with no metal doping has not yet been synthesized. As a good substitute for Si 46 , the type-II silicon clathrate Si 136 was prepared by thermal decomposition of a solid solution of NaSi Zintl phase under high vacuum at 340-420°C. 22 The Si 136 clathrate consists of face shared Si 20 and Si 28 polyhedra, each silicon being tetrahedrally coordinated in a manner very similar to that of the Si 46 clathrate, which consists of face shared Si 20 and Si 24 polyhedra. The residual amount of Na in the prepared Na x Si 136 was estimated to be as small as 0.5Ͻ x Ͻ 1, and homogeneously doped into the Si 28 cages of Si 136 . The sample is hereafter called Si 136 . The powder samples were packed into the sample cases with a thickness of 2 mm. The packing density was about 50%. A cubicdiamond Si ͑cd-Si͒ sample was also measured for comparison.
The Compton scattering experiment was carried out using a Cauchois-type x-ray spectrometer which was installed at BL08W, SPring-8. [23] [24] [25] The energy of the incident x rays was 116 keV and the scattering angle was 165°. The experimental momentum resolution was 0.16 atomic units ͑a.u.͒. The Compton profile measurements were performed at room temperature. The data processing to deduce the Compton profile from the raw energy spectrum consists of the following procedures: background subtraction; and energy-dependent corrections for the Compton scattering cross section, the absorption of incident and scattered x rays in the sample, the efficiency of the analyzer and the detector. A valenceelectron Compton profile is obtained by subtracting the theoretical core-electron profile 26 from the experimental totalelectron Compton profile. Here, ͑1s͒ 2 -͑4d͒ 10 ͑5s͒ 2 ͑5p͒ 6 for Ba and ͑1s͒ 2 ͑2s͒ 2 ͑2p͒ 6 for Si are treated as the core electrons. The profiles were folded to improve the effective statics after confirming that they appeared symmetric about p z = 0 within error bars. In the data-processing, multiple scattering corrections were not employed since the effect on the difference profiles are negligible. Simulations with a Monte Carlo program 27 showed that the double-Compton-scattering events are about 1.7% of the sum of the single-and doublescattered events for the samples. The simulated energy profile of the double-scattered events are almost identical among them, and thus the multiple-scattering events are almost canceled out in the difference profiles.
III. CALCULATION
Theoretical Compton profiles of Ba 8 Si 46 and Si 46 were calculated from the wave functions obtained by the fullpotential linearized augmented-plane-wave ͑FLAPW͒ method 28, 29 within the local-density approximation ͑LDA͒. The local exchange-correlation functional of Vosko, Wilk, and Nusair 30 was employed. The angular momentum in the spherical-wave expansion was truncated at l max = 6 and l max = 7 for the potential and wave function, respectively. The cutoff of the plane wave for the wave function was 12 Ry. We took 64 k points in the first Brillouin zone for both crystals. In order to obtain the Compton profiles, the momentum density n͑p͒ was calculated on a mesh up to ͉p͉ = 5 a.u., where p = k + G and G is a reciprocal lattice vector. The twodimensional integration involved in the evaluation of the Compton profile ͓see Eq. ͑1͔͒ were carried out by utilizing a spherical harmonics expansion method. A theoretical Compton profile of cd-Si was also computed for comparison.
IV. RESULTS AND DISCUSSION
The experimental and theoretical results are shown in The present experiment and calculation suggest that the directionally-averaged momentum density distributions between cd-Si, Si 46 , and Si 136 are very close to each other. This is consistent with the fact that all the Si atoms are tetrahedrally coordinated and are connected with sp 3 covalent bonding in these materials. The momentum density of electrons in bonds was theoretically studied by Coulson et al. 31, 32 and by Weyrich et al. 33 They showed that the presence of bonding gives rise to a periodic oscillation and a angular dependence in the momentum density. Directional averaging, due to powder samples, conceals the angular dependence of the Si network from observation, and thus make only the bond-length aspect of Si sp 3 covalent bonding remained. The period in the oscillation depends on the interatomic distance between atoms sharing the bond. In the present case, the bond-lengths for the Si 46 and Si 136 clathrates ͑2.37 Å͒ are almost same to that of cd-Si ͑2.35 Å͒, leading to almost the same shapes in the Compton profile among cd-Si, Si 46 , and Si 136 . Such a small difference is consistent with the results of calculations on the energetics and band structures by Adams et al. 34 They have shown that the total energy difference between the Si clathrates and the cd-Si is 0.07 eV, that is three times smaller than that between the ␤-tin and cd phases of Si.
As seen in Fig. 1 , the calculated profiles reproduce well the experimental profiles, demonstrating the usefulness of the band-structure calculations. Now we discuss in detail the band structures. Figure 2 shows the total DOS of Ba 8 Si 46 and Si 46 . The obtained results are in good agreement with the previously reported results. 14, 15 In Si 46 the fundamental gap is 1.15 eV, which is larger than the cd-Si gap of 0.48 eV, and there is an another band gap in the valence-band region from −3.8 to − 3.4 eV. In Ba 8 Si 46 there is a strong DOS peak in close vicinity of E F .
The strong DOS peak near E F presumably comes from the hybridized band of the Ba 5d states with the Si 46 conduction bands. 14, 15 In order to see this point clearly, we present the projected DOS onto the atomic orbitals at each site. There are three Si sites: ͑6c͒, ͑16i͒, and ͑24k͒ sites; and two Ba sites: ͑2a͒ and ͑6d͒ sites. The Ba ͑2a͒ site is at the center of the Si 20 cage ͑see Fig. 3͒. Figure 4 displays the partial DOS for the Si 3s and 3p states and for the Ba 6s and 5d states at each site. It is found that the valence bands from −12.7 to − 1.9 eV are composed of three parts: the Si s-like states in the lower energy side, the Si sp hybridized states in the middle, and the Si p-like states in the higher energy side. The band edge of the Ba 5d states are slightly lower than E F and much hybridized with the Si p-like conduction bands, forming the strong DOS peak in close vicinity of E F . The contribution of the Ba 6s states to the DOS near E F is quite small. This indicates that most of the 6s electrons of doped Ba atoms are transfered into the Ba 5d states to form the strong DOS peak near E F . The electron transfer from the Ba 6s to 5d states has been also found in other Ba compounds. 35 Such a high DOS near E F has been also predicted in A 3 C 60 ͑A = K, Rb, etc.͒ fullerence compounds, and plays an important role in the occurrence of superconductivity. 6 On the other hand, a strong vibrational coupling between the Ba atoms and the Si cages has been suggested in the Ba 8 Si 46 compounds. [9] [10] [11] The high DOS near E F and the vibrational coupling between Ba atoms and Si cages are responsible for the superconductivity in Ba 8 Si 46 .
In summary, we have measured the 
